Abstract-This study examines the ability of a realistic spectral sensor flying at the tropopause level for retrieving stratospheric H2O and temperature. This paper is an extension of an earlier study; the assumptions to best fit the characteristics of the operational sensors have been updated with the noise characteristics of real sensors. Several tests are conducted to examine the effects of changing spectral coverage and noise level on the quality of the retrieval. The results show that the potential advantage of including far infrared (IR) in the sensor's spectral coverage is hindered by the realistic noise level of the sensors under consideration. Under the current technology, enabling the far IR at the cost of mid-IR accuracy does not help improve H2O retrieval. Nevertheless, it is possible to achieve the retrieval accuracy of 0.5 ppmv for H2O and 1 K for temperature up to 50 hPa using a realistic sensor. The high sensitivity retrieval is advantageous for detecting the small temporal/spatial scale lower stratospheric moistening episodes.
I. INTRODUCTION

S
TRATOSPHERIC water vapor (H 2 O)
is an important contributor to climate system that cannot be neglected. It cools the stratosphere by emitting outgoing longwave radiation (OLR) to outer space but warms the troposphere by radiating infrared (IR) radiation downward to the surface. Although it may significantly affect the Earth radiation budget during climate change [7, 19] , this effect is not well quantified, largely due to uncertainty in water vapor change in both climate models [8] and observations [9] . This justifies the necessity of measuring the stratospheric H 2 O with great accuracy. Satellite observations, using limb and occultation sounders such as SAGE II [20] , HALOE [18] , MLS/UARS [10] , and ACE-FTS [3] , are sensitive to stratospheric H 2 O but have large sampling footprints that make the detection of the small-scale water vapor variation a challenging task.
Compared to the satellites sounders, an airborne measurement has much smaller sampling footprint that can capture small-scale variability. Using an uplooking airborne ). The goal of this paper is to examine how well a realistic instrument, operating at either (or all) of these spectral intervals, can retrieve the stratospheric H 2 O. Secondly, the different implementation strategies to improve the performance are investigated. In Section II, the simulation and methodology are described. Results are presented in Section III. Concluding remarks are given in Section IV.
II. METHODOLOGY
The same data/methods as BH14 are used in this study. The Gauss-Newton iteration method of the optimal estimation technique [17] is used and formulated aŝ
which computes a new estimate for the state vector (x i+1 ) at each iteration i. K i is the Jacobian at the current state vector estimate, S a is the a priori covariance of the state vector, and S e is the covariance of the measurement error. F(x) is the forward model result, which is radiance. The indices T and −1 are matrix transpose and inverse operators, respectively. The iteration proceeds until convergence or the maximum number of iteration reaches (10) . The convergence criteria follow BH14.
The forward model is the line-by-line radiative transfer model (LBLRTM, version 12.2) from atmospheric and environmental research (AER) [4, 5] . The atmospheric temperature and water vapor at 12 fixed pressure levels (10 hPa-spaced between 100 and 10 hPa, and then 5 and 1 hPa) are considered for the retrieval test. For line-by-line molecular absorption, Voigt profile is considered and all the H 2 O continua are considered. No aerosol or solar input at the top-of-the-atmosphere (TOA) is considered. The LBLRTM model calculates the emission spectrum, ignoring the scattering processes. Six molecular species are included in the calculation, namely H 2 O, CO 2 , O 3 , N 2 O, CO, and CH 4 , which are active gas species in the IR region.
Stratospheric temperature and H 2 O profiles were obtained from the ACE-FTS instrument [3] . Only the North American [3] ; therefore, it does not capture smaller scale atmospheric variability. To enhance the H 2 O concentration variability in the dataset, we artificially moistened the H 2 O profiles to a randomly selected 20 hPa thick segment of the profile. It was checked that the moistening prescribed here is very modest compared to the magnitude measured by Anderson et al. [1] . The mean of profiles is used as the a priori (first guess) in the retrieval tests. Fig. 4 in BH14 shows the correlation matrix of the dataset.
In the retrieval equation (1), the sensor is assumed to have spectrally uncorrelated noise (noise covariance matrix is a diagonal matrix). In BH14, the results were developed based on uniform noise magnitude across the entire spectrum and the noise-equivalent delta radiance (NEDR) was altered between 0.25 × 10 −7 and 0.75 × 10 −7 W cm −2 sr −1 cm, representing low and high noise levels, respectively. These two noise levels were chosen in BH14 to represent current and future instruments, e.g., FIRST [12] and CLARREO [21] . However, the NEDR of realistic spectrometer will be a combination of the low noise level at the mid-IR spectral region (650-2000 cm −1 ) and the high noise level at the far IR (200-650 cm −1 ) region. The NEDR values used in this study are estimated with an in-house mathematical model based on real ABB spectrometer. The input to the model was based on the interferometer sizing and performance [optics, field of view (FOV), resolution, etc.] that ABB built for GOSAT [13, 14] . The aperture diameter is 6.5 cm, sampling interval is 0.2 cm −1 , observation time is 1 s, with FOV of 15.8 mrad for this instrument. Two spectrally variable NEDR values are implemented in different retrieval tests in this study: 1) One NEDR spectrum is based on a typical cooled detector with cutoff near 700 cm −1 for mid-IR and a typical uncooled pyro-electrical detector for the far IR. Since the instrument has an agreeable performance in mid-IR, i.e., low NEDR values, its NEDR is referred to as MIR, henceforth; 2) One NEDR spectrum is based on a commercial cooled detector with cut-off near 435 cm −1 and a typical uncooled pyro-electrical detector for the far IR (<435 cm −1 ). Compared to the first instrument, it has the same NEDR below 435 cm −1 , and it has a lower noise from 435 to 700 cm −1 at the price of reduced performance beyond 700 cm −1 . This NEDR is referred to as FIR. The FIR/MIR NEDR spectrums are compared to low/high noise levels in BH14 in Fig. 1 .
All of the line-by-line calculations of radiance and Jacobian are performed with a monochromatic resolution of 0.001 cm −1 . Then they are convolved with sinc spectral response function to spectral resolutions with desired half-width half-maximum (HWHM). The convolved radiance and Jacobian are used as input in the retrieval algorithm. Spectral Jacobian for H 2 O (K q ) and temperature (K T ) are shown in Fig. 6 in BH14. Different spectral intervals between 200 and 2000 cm −1 are investigated here and the merit of each spectral interval for the retrieval of temperature and H 2 O is examined and compared. Same as in BH14, the quality of the retrieval is determined by comparing 1) the root mean square (rms) of the differences between the retrieved and truth quantities at each level for all of the test profiles; 2) the standard deviation (STD) of the dataset.
III. SOUNDING OF STRATOSPHERIC TEMPERATURE/H 2 O
A. FIR Versus MIR Noise Performance
We examine how precisely the iteration technique can reproduce the truth profile in two different scenarios of using FIR and MIR noise spectrum. We limit our retrieval tests to the unmoistened original ACE-FTS profiles for now.
For information content assessment, the degrees of freedom for signal (DFS) is used, similar to BH14 and other former studies [11, 22] . DFS is defined as the trace of averaging kernel matrix, following [17] , and formulated as
The NEDR is inversely proportional to resolution, the square root of the observation time, and the square of the aperture diameter. For instance, to gain 10 times noise reduction, the observation time and the aperture diameter could be increased simultaneously by 10 and 10 0.25 times, respectively. Increasing aperture diameter by 10 0.25 will make the instrument a bit bigger but the resulting aperture diameter is very reasonable (12 cm). Keeping the spectral resolution fixed, the impact of noise reduction due to the combined increase in observation time/aperture diameter on temperature and H 2 O DFS is shown in Fig. 2 . The results show that using both FIR/MIR noise spectrums to detect a single piece of information about stratospheric H 2 O (H 2 O DFS equal to one), one needs to have an order of magnitude noise reduction. This implies that satisfactory stratospheric H 2 O retrieval performance is not achievable, unless the NEDR spectrum is reduced, at least 10 times. MIR noise spectrum captures more pieces of information (potential of better retrieval) about stratospheric temperature, compared to that of FIR noise. Also having the far IR spectral interval and MIR noise spectrum, the sensor has the best prospect of less erroneous stratospheric H 2 O retrieval. Fig. 3 shows the averaging kernel for temperature and H 2 O using 60 times noise reduction factor (spectral range = 700−2000 cm −1 , resolution = 0.2 cm −1 , observation time = 60 s, aperture diameter = 18 cm, noise = MIR). The rows of averaging kernel matrix act to smooth the retrieved state estimated error at each level [17] , and the FWHM of the linearly interpolated kernel represents the vertical resolution as function of altitude in the retrieval results [11] . The rows 2, 5, 7, and 10 (out of 12), corresponding to different pressure levels, of the averaging kernels are shown here. The total DFS is 2.3 and 7.1 for H 2 O and temperature, respectively. The cumulative DFS normalized by the total DFS [ Fig. 3, panel (c) ] shows that 100-10 hPa vertical segment contains 80% of the information for H 2 O and temperature.
Numerous tests are conducted to examine the effects of changing spectral coverage and noise level on the quality of the retrievals. retrieval increases and there is no significant change in H 2 O retrieval performance. Both temperature/ H 2 O information contents (DFS) decrease. This means higher FIR noise levels, beyond 700 cm −1 , act to deteriorate the temperature retrieval. Knowing that ozone band has large sensitivity to temperature (Fig. 6 in BH14) , higher noise levels spoil the use of these channels for temperature retrieval. Table I ) to retrieve dry and moistened profiles. Test 1: RMS of dry profiles retrievals; and Test 2: RMS of moistened profiles retrievals. Case 1 in terms of H 2 O retrieval, while Case 1 does a slightly better temperature retrieval in lower-to-mid stratosphere. Since Cases 5 and 1 have the best performance for both H 2 O and temperature retrievals. Considering its smaller interferometer size and easier onboard installation, we recommend Case 5 among the test cases mentioned above. We find that this hyperspectrometer with a 700−2000 cm −1 spectral coverage, a 1 cm
spectral sampling interval, and an MIR noise level can generally achieve a retrieval accuracy of 0.5 ppmv for H 2 O and 1 K for temperature up to about 50 hPa.
The above results will change depending on the noise reduction factor (observation time and aperture diameter parameters here) implemented. The current detector, using enlarged aperture diameter, can detect event as small as sampled in approximately 10 s observation time of the instrument, which differs greatly among the platforms (e.g., jetliner (1000 km/h) -2.8 km; balloon (drifted by 10 m/s wind) -100 m). BH14 reported that far IR (using constant noise level throughout the spectrum) might benefit stratospheric H 2 O retrieval. However, given the noise performance of the detectors analyzed here, including FIR does not improve H 2 O retrieval. Instead, satisfactory retrieval can be achieved by collectively increasing the stare-time at the target and aperture diameter, which effectively reduces the detector noise. This strategy can be best realized by flying the instrument on airship, air balloon, or hovering aircraft.
B. Detection of Moistening
Same as BH14, we test how well the stratospheric moistening episodes as identified by Anderson et al. [1] are captured using the recommended sensor (Case 5 in Table I ). We include the profiles that are artificially moistened together with the unmoistened profiles in the retrieval algorithm. The rms errors in the retrieval of truth profiles with and without moistened profiles are shown in Fig. 4 . Although the rms error in the moistened case is larger than the unmoistened case, it is considerably less compared to the uncertainty in the a priori guess. In general, more than 50% reduction in the uncertainty is attained for the vertical distribution of H 2 O. The retrieval accuracy is better than 0.5 ppmv for H 2 O and 1 K for temperature up to 50 hPa. The rms of the fractional error between the retrieved and truth H 2 O loadings is 1.2% (unmoistened: 1%; moistened: 1.4%). The results show that the retrieval algorithm can well capture the H 2 O concentration in both dry and moist cases.
IV. CONCLUSION
Stratospheric H 2 O is an important factor that affects climate change. Airborne spectrometers have shown to be useful observational tools that may supplement existing in situ and satellite observations. This study is an extension to [2] and examines the feasibility of the realistic spectrometers flying at tropopause level to observe stratospheric H 2 O.
Observational data derived from the ACE-FTS satellite are used for testing the instrument performance. Synthetic downwelling radiance is obtained by the LBLRTM radiation code. Gauss-Newton iterative technique is used to obtain a solution from the retrieval algorithm. This study shows that a realistic spectrometer, with 700−2000 cm −1 spectral coverage, 1 cm
spectral resolution, 10 s observation time (corresponding to 10 individual measurements), and 12 cm aperture diameter (for a collection etendue of 7 × 10 −7 m 2 sr) is able to reach the retrieval accuracy of 0.5 ppmv and 1 K for simultaneous retrieving H 2 O and temperature in the lower to middle stratosphere. Therefore, the current operational sensors with these specifications, including scanning high-resolution interferometer sounder (S-HIS) [16] and atmospheric emitted radiance interferometer (AERI) [6] , can be utilized for stratospheric H 2 O retrieval with minimal modifications. The results show that the retrievals become unreliable above 10 and 40 hPa, respectively, for temperature and H 2 O. The results indicate that using the current technology, enabling the far IR measurement in detectors, which comes at the cost of mid-IR noise performance, does not help to improve H 2 O or temperature retrieval.
Using an airborne spectrometer with a fast response time provides the opportunity to monitor lower stratospheric moistening events [1] . This study confirms that the current sensor can detect the small temporal/spatial scale moistening episodes, with an accuracy of stratospheric water vapor loading of 1.2%.
